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AIBP regulates TRPV1 activation in CIPN by controlling lipid raft
dynamics and proximity to TLR4 in DRG neurons

Juliana M. Navia-Pelaez!, Julia Borges Paes Lemes?, Leonardo Gonzalez!, Lauriane Delay?,
Luciano dos Santos Aggum Capettinil, Jenny W. Lul, Gilson Gongalves Dos Santos2, Ann
M. Gregus?3, Patrick M. Dougherty?, Tony L. Yaksh?, Yury I. Millerl#

1Department of Medicine, University of California, San Diego, La Jolla, California, USA;
2Department of Anesthesiology, University of California, San Diego, La Jolla, California, USA,;
3School of Neuroscience, Virginia Polytechnic and State University, Blacksburg, Virginia, USA;

4Departments of Anesthesia and Pain Medicine, University of Texas MD Anderson Cancer
Center, Houston, Texas, USA.

1. Introduction

Neuropathic pain remains a challenge for many cancer patients who receive
chemotherapeutic treatment and who have limited and rarely effective options for

pain management [24], underscoring the need for identifying novel therapeutic targets.
Chemotherapy-induced peripheral neuropathy (CIPN) is characterized by enhanced
peripheral nociceptive signaling that relies on the activation of ligand- and voltage-gated
channels in dorsal horn and dorsal root ganglia [2;12;43], a property which positions each
as a rational therapeutic target. Here we consider an alternative strategy by the selective
targeting of lipid rafts associated with neuraxial cellular components known to regulate
nociceptive processing.

Current work emphasizes that many of these receptors and channels mediating painful
neuropathies are localized to and become activated in cholesterol-rich lipid raft membrane
domains [34]. Depletion of cholesterol from the plasma membrane destabilizes these

lipid rafts and serves to downregulate channel/receptor function [1;17;37;38]. In immune
cells, including macrophages and microglia, ligand-dependent toll-like receptor 4 (TLR4)
recruitment to lipid rafts is an initial step in the facilitatory cascade leading to TLR4
dimerization (activation) and lipid raft enlargement [27]. Studies with TLR4 knockout mice
and with TLR4 pharmacological inhibitors demonstrate that neuraxial TLR4 activation

is essential for development of CIPN [22;31;32]. Importantly, it appears likely that the
effects of TLR4 activation may serve to enhance nociceptive afferent signaling through an
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interaction with other channels/receptors. Thus, TLR4 and TRPV1 both localize to lipid
rafts [34;36]. Current evidence suggests that TLR4 physically interacts with TRPV1 in
non-neuronal cells [16;28] to potentiate the functionality of TRPV1 channels [8;19;29;41]
by enhancing phosphorylation and suppression of its desensitization via internalization
[3;25;28;33]. Recent work has demonstrated that TLR4, along with TRPV1, aside from
their non-neuronal disposition are expressed in small nociceptive DRG neurons and their
expression is upregulated in CIPN [19;22;29]. These observations led us to consider TLR4
expressing lipid rafts (TLR4-rafts) in DRG nociceptors as a potential therapeutic target in
CIPN.

In recent work, we identified the apolipoprotein A-I binding protein (AIBP) as a protein
that binds to TLR4 and augments cholesterol depletion selectively from cells with high
surface expression of TLR4 [31;40]. This leads to a specific reduction in lipid raft content
and inhibition of TLR4 homodimerization, the key step in initiating inflammatory signaling
[6;40;44]. Intrathecal (i.t.) injection of AIBP reverses established tactile allodynia in CIPN
mice [31;40].

Because TLR4 is highly expressed in small C-fibers and has been described to mediate
paclitaxel-induced CIPN [19;22;29], we hypothesized that i.t. AIBP, via TLR4 binding, can
target TLR4-rafts in DRG nociceptors. In this study, we found that paclitaxel-induced CIPN
in mice is associated with increased lipid raft content, TLR4 surface expression, proximity
of TRPV1 to TLR4, and TRPV1-induced increases in intracellular calcium in DRG neurons.
All of these effects initiated by paclitaxel are enduringly reversed by i.t. AIBP. The AIBP
ability to inhibit TRPV1 activation through a novel mechanism of disrupting TLR4-lipid
rafts suggests its potential as a new treatment of CIPN neuropathic pain.

2. Methods

2.1. Animals

All animal experiments were approved by the Institutional Animal Care and Use
Committees (IACUC) of the University of California, San Diego, Virginia Tech, and UT
MD Anderson, and in accordance with the International Association for the Study of Pain
(IASP) guidelines [30]. Eight-week old C57BL6/J mice were housed up to 4 per standard
cage at room temperature and maintained on a 12:12 hour light/dark cycle with food and
water ad /ibitum. All behavioral testing was performed by a blinded observer during the
daylight cycle. Experiments were conducted in compliance with the US National Research
Council’s Guide for the Care and Use of Laboratory Animals [30].

2.1 CIPN model

To develop CIPN, intraperitoneal (i.p.) injections of paclitaxel (8 mg/kg/injection) were
performed on days 1 and 3. Paclitaxel (Tocris Biosciences, 1097) was dissolved in a
1:1:8 mixture of ethanol, cremophor EL, and sterile 0.9% NaCl solution, respectively. In
an alternative CIPN model, mice were injected on days 1 and 3 with 2.3mg/kg/injection
of cisplatin (Spectrum Chemical MFG). Weight loss in excess of 20% body weight and
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erratic behavior was considered the criteria for euthanasia; however, no animals required
euthanasia.

2.2 Mechanical allodynia measurements

Animals were placed in clear, plastic, bottomless cages over a wire mesh surface and
acclimated for at least 30 min before the initiation of testing and for 1 hour prior to initiation
of the experiment. Tactile thresholds were measured with a series of von Frey filaments
(Bioseb) ranging from 2.44 to 4.31 (0.02-2.00 g) using the up-down method and starting at
3.61 filament [5]. The 50% probability of withdrawal threshold was recorded. Mechanical
withdrawal thresholds were assessed before treatment (baseline or day 0) and at the specified
time points after treatment.

2.3 Intrathecal delivery of AIBP or saline

Mice were anesthetized using 5% isoflurane in oxygen for induction and 2% isoflurane in
oxygen for maintenance of anesthesia. Intrathecal (i.t.) injections were performed according
to Hylden and Wilcox et al., 1980 [14]. Briefly, the lower back was shaved and disinfected,
and the animals were placed in a prone posture holding the pelvis between the thumb and
forefinger. The L5 and L6 vertebrae were identified by palpation, and a 30G needle was
inserted percutaneously into the midline between the L5 and L6 vertebrae. Successful entry
was assessed by the observation of a tail flick. Injections of 5 pl were administered over an
interval of 30 s, and the mouse then removed from anesthetic. Drugs for i.t. delivery were
formulated in sterile 0.9% NaCl. Based on previous studies [31;40], AIBP dosing for spinal
delivery in these studies was 0.5 ug/5 pl. Following recovery from anesthesia, mice were
evaluated for normal motor coordination and muscle tone. The procedure and dosing did not
cause motor dysfunction in any animals utilized for this study.

2.4 Analysis of lipid raft and TLR4 in DRG neurons by flow cytometry

Animals were euthanized on day 10 after the induction of CIPN model and DRGs from
the lumbar region were collected to perform flow cytometry. Tissues were processed

using a Neural Tissue Dissociation kit (Miltenyi Biotec) to reach single cell suspension.
Debris Removal Solution kit (Miltenyi Biotec) was used to remove cell debris, following
the manufacturer’s protocol. To measure TLR4 dimerization in DRG neurons, cells were
incubated with a mix of APC-Cy7 live/dead Ghost dye (Cell Signaling); cholera toxin B
(CTxB)-Alexa594 (ThermoFisher-C34777); BV421-conjugated CD24 antibody (Biolegend),
BV510-conjugated CD44 antibody (Biolegend), and BV650-conjugated CD45 antibody
(Biolegend) to gate for neurons[42]; PE-conjugated TLR4/MD2 (MTS510) antibody
ThermoFisher) and APC-conjugated total TLR4 (SA15-21) antibody (Biolegend), for

45 minutes on ice. After staining, cells were washed and analyzed using a CytoFLEX
flow cytometer (Beckton Coulter). To calculate TLR4 dimers, the ratio of the geometric
mean fluorescence intensity of PE-conjugated TLR4/MD2 (MTS510) antibody over APC-
conjugated total TLR4 (SA15-21) antibody was calculated [31].
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2.5 DRG culture

Male mice were euthanized under deep CO5 anesthesia followed by decapitation. Thoracic
and lumbar DRGs were harvested and transferred to Minimum Essential Medium Eagle
solution (MEM, Gibco, #11095080). Ganglia were incubated in 0.125% collagenase type
IV (Gibco, # 17104019) for 2 hours followed by incubation with 0.25% trypsin (Gibco,
#25200056) for 6 min. Enzymatic dissociation steps were carried out at 36 °C. DRGs

were washed three times with MEM and carefully dissociated, passing through a pipette
using up and down movements (Linhart et al., 2003). A 10% BSA (Miltenyi Biotec
#130-091-376) gradient was used to remove the debris from the tissue and separate a pellet
of cells. The cells were resuspended and plated in glass bottom dishes coated with Poly-
DL-ornithinehydrobromide (Sigma P8638) and maintained in DMEM containing penicillin
and streptomycin (ThermoFisher, #15140122). Cultures were maintained in the incubator at
37°C with a 5% CO, atmosphere for 24 hours.

2.5.1 Calcium imaging of DRG neurons—All calcium imaging experiments

were performed on intact DRG neurons plated on glass coverslips with a Poly-DL-
ornithinehydrobromide substrate after 24h of DRG dissociation. DRG cell cultures were
loaded with the Ca2* indicator Fluo-4 AM (5 uM; Invitrogen. #F23917) in the presence

of 2 mM probenecid for 30 min at 37°C in a HEPES-buffered saline (in mM): NaCl 122;
KCI 3.3; CaClI2 1.3; MgS04 0.4; KH2PO4 1.2; HEPES 25; glucose 10; adjusted with
NaOH to pH 7.4. Coverslips were placed in a laminar flow perfusion chamber (Warner
Instrument Corp., UK) and perfused with extracellular solution (in mM: NaCl 160; KCI 2.5;
CaCl2 1; MgClI2 2; HEPES 10; glucose 10; pH 7.4) continuously via a perfusion system.
The perfusion system consisted of three individual compartments, filled with treatment
solutions, each one connected to a separate cannula that merged to one output cannula.

The latter was inserted in the laminar flow perfusion chamber containing a glass coverslip
with DRGs neurons. The flow occurred constantly, bathing the cells; each treatment valve
was opened manually by the experimenter. A suction pump connected to outflow side of
the chamber served to maintain a continuous perfusion. Experiments were performed at
room temperature. DRG neurons were recorded in an inverted Leica TCS SP5 confocal
microscope. One field of view per coverslip was assessed. Neurons were exposed to buffered
vehicle for 2 min, then stimulated for 15 seconds with capsaicin (0.5 uM), then buffered

for 4 minutes and finally stimulated with KCI (50 mM) for 5 seconds to confirm cellular
viability. Neuronal Ca2* responses were analyzed in 3-5 dishes from each culture by
selecting individual cells as ROIs (Region of Interest) and calculating mean gray value
variations on each individual cell using LAS AF version 2.7.3.9723 software. Data are
presented as AF/F0O, where FO is the baseline, and the effect is quantified as maximal AF/FO.

2511 Calcium evoked influx of DRG neurons acutely treated in vitro with
paclitaxel: Before the calcium imaging experiment, DRG neurons from C57BL/6 naive
male mice were incubated with paclitaxel (3 uM) or vehicle (PBS), AIBP alone (1 pg/mL),
or co-incubated with paclitaxel and AIBP for two hours at 37 °C. Cells were then loaded
with Fluo-4 and evoked calcium images were recorded as described above.
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2512 Calcium evoked influx of DRG neurons obtained from CIPN mice: Male mice
were i.p. injected with paclitaxel (2 injections of 8 mg/kg on days 1 and 3) or naive mice,
followed on day 7 by i.t. saline (5ul) or i.t. AIBP (0.5ug/5ul). Animals were euthanized

on day 10 (3 days after i.t. injections), and thoracic and lumbar DRGs were collected for
digestion and cell culture. Cells were plated on coverslips for 24 h prior to loading with
Fluo-4 and evoked calcium imaging undertaken as described above.

2.5.2 MTT viability assay—DRG neurons were isolated from DRGs collected from
naive male mice and plated for 24h. Cells were incubated /in vitro with paclitaxel (3 M),
AIBP alone (0.1 pg/mL, 0.5 pg/mL, or 1 pg/mL), or co-incubated with paclitaxel and

AIBP for two hours. According to manufacturer instructions (abcam-Ab211091 — MTT Cell
Proliferation Assay Kit), media were removed, and cells were incubated at 37°C with MTT
reagent for 3 hours. After MTT solvent was added to the cells, the plate was incubated for
15 min under agitation, protected from light and read the absorbance at 590 nm.

2.3.5 Immunohistochemistry in cultured DRG neurons—DRG neurons, pre-
treated or not with AIBP (0.2 pg/mL) for 30 min, were stimulated with LPS (100 ng/mL)
for 15 min and then fixed with 4% PFA. Cells were blocked using fetal bovine serum (FBS)
without permeabilization agents for 30 minutes and incubated with an anti-TLR4 antibody
(Abcam, Ab22048, 1:100) and CTxB-Alexa555 conjugate (ThermoFisher, C34776, 1:250)
for 2 hours. After washes, DRG neurons were incubated with secondary goat anti-mouse
Alexa488 antibody (ThermoFisher, A28175, 1:1000) for 2 hours. Coverslips with cells
were mounted in slides with ProlongGold containing DAPI and imaged using a Leica SP8
microscope. Fluorescence intensity and co-localization were analyzed in ImageJ.

2.6. Whole-mount DRG staining and imaging

Three days after intrathecal administration of AIBP (0.5ug/5ul), mice were euthanized and
intracardially perfused with 0.9% NaCl solution followed by 4% PFA. Lumbar DRGs (L3—
L5) were dissected out, post-fixed for 12 hours, and then stored in PBS with 0.02% sodium
azide.

Whole DRGs were permeabilized in PBS, TritonX-100, glycine, and DMSO solution for
two hours, blocked using FBS for 2 hours, and incubated with an anti-TRPV1 antibody
(Novus Biologicals, NBP1-97417, 1:500) and CTxB-Alexa594 conjugate (ThermoFisher,
C34777, 1:250) for 72 hours. After washes, DRGs were incubated with an anti-rabbit
Alexab47 antibody (cell Signaling - 4414, 1:500) for 72 hours. After staining, DRGs were
cleared, as described[13]. In brief, DRGs were dehydrated in tetrahydrofuran (THF)/H,O
series: 50%, 70%, 80%, 100% for 15 minutes each at room temperature on a shaker plate,
then transferred to successive solutions of 66% dichloromethane (DCM)/ 33% THF and
100% DCM for 15 minutes each at room temperature on a shaker plate, followed by a 100%
solution of dibenzyl ether (DBE) for clearing. DRGs were then transferred into imaging
chambers mounted on glass slides. Imaging chambers were designed in-house to be 300 um
high and fit a 22 x 30 mm coverslip with a leakproof seal. A Z-stack of optical sections at
0.30 um increment was captured using a 63x objective on a Leica SP8 confocal microscope.
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2.6.2 Proximity ligation assay in whole-mount DRGs—To perform the PLA assay,
DuoLink PLA Multicolor Reagent Pack (Sigma-Aldrich) was used along with DuoLink
PLA Multicolor Promaker Kit-Orange to conjugate TRPV1 and CTB antibodies to oligo
probes (for detection of TRPV1-CTxB proximity) and DuoLink PLA Multicolor Promaker
Kit-Far Red to conjugate TRPV1 and TLR4 antibodies (for detection of TRPV1-TLR4
proximity), according to manufacturer’s protocol. Whole DRGs were blocked for 2 hours
before unconjugated CTxB was added for a 24-hour incubation. After washing, probe
conjugated anti-TRPV1, anti-CTxB, and anti-TLR4 antibodies were added in a dilution of
1:100 to DRGs for 72 hours. Samples were washed, ligated for 6 hours, amplified overnight
at 37°C, followed by an incubation with detection buffer for 6 hours. DRGs were washed
and incubated with DAPI overnight. All incubation steps were performed at 37°C with
agitation and protected from light. After completing the PLA protocol, DRGs were cleared
as described above, transferred into imaging chambers and imaged using a 63x objective on
a Leica SP8 confocal microscope. The same microscope settings were maintained consistent
during scanning of DRGs across all groups. Two fields per each DRG were selected, one
with high number of neuronal cell bodies and another with fewer neurons.

2.6.2.1 Image analysis of whole-mount DRG: Z-stack images of 4 DRGs per treatment
group were imported to IMARIS 9.8.2 software, and surfaces were created to identify cell
types and labelling for each channel. After surfaces were created, analysis of fluorescence
intensity per voxel in the surfaces, the volume of each surface, and overlap with other
surface/channels of interest were generated. Colocalization analysis in IMARIS was
performed to calculate Pearson’s coefficient between surfaces of interest (TRPV1 and CTB,
or TRPV1-CTB PLA and TRPV1-TRL4 PLA).

2.7. Analysis of TRPV1 phosphorylation

DRGs from animals treated with paclitaxel and AIBP were collected and washed in

cold Ca%* and MgZ*-free Hank’s balanced salt solution, followed by homogenization in
0.2 ml RIPA buffer containing protease inhibitors (Cell Signaling Technology, 5872),

and centrifugation at 13,0009 for 20 min at 4°C to remove debris. Tissue lysates were
heated in a sample buffer and loaded onto a 4-12% Bis-Tris NUPAGE gel (Invitrogen)

at 10 pg/well, followed by transfer to a PVDF membrane. The blots were blocked and
probed with antibodies against phospho-TRPV1 S502 (ThermoFisher PA5-64860) or total
TRPV1 (Novus Biologicals, NBP1-97417), followed by an anti-rabbit IgG-HRP conjugated
antibody (1:3,000). After washes, SuperSignal West Pico PLUS Chemiluminescent
Substrate (ThermoFisher, 34580) was added to membranes for detection of protein bands,
the blots were scanned using a UVP BioSpectrum imaging system and analyzed in ImageJ.

2.8 Nociceptive response to capsaicin in vivo

Naive mice or the mice that treated with paclitaxel (2 i.p. injections of 8 mg/kg) on days

1 and 3, followed by i.t. saline (5ul) or i.t. AIBP (0.5pg/5ul) on day 7, received a single
subcutaneous injection into central plantar region (right hind paw) of capsaicin (10 ug/
25uL) on day 15. This paw area corresponds to the L5 DRG peripheral field. The mice
were immediately placed on top of a wire mesh surface inside a clear bottomless cage, and
the number of flinches (including flicking and licking) were recorded for 5 minutes by two
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independent experimenters. Results were expressed as average of nociceptive response per
group, considering the total number of flinches and licks, as previously described [18].

2.9 Data analysis

All results are presented as means + SEM. The significance of differences between

groups was established with unpaired t-test, one-way ANOVA, or two-way ANOVA
followed by Tukey’s test. A value of P < 0.05 was set as the threshold of statistical
significance. Statistical analyses were performed in GraphPad Prism v9.2 (GraphPad
Software). Group sizes were determined using power analyses based on prior behavior
studies [31;40]. At least 2 independent cohort experiments were performed per analysis. To
reduce selection bias and maintain rigor and reproducibility, randomization of animals after
baseline measurements was performed for group treatment assignments across cages. The
experimenter administering treatments and measuring behavioral responses was blinded to
allocation of the treatments by a different experimenter using coded labeling.

3. Results
3.1. AIBP inhibits LPS-induced TLR4 localization to lipid rafts in DRG neurons

In immune cells, including macrophages and microglia, ligand-dependent TLR4 recruitment
to lipid rafts is an initial step in the inflammatory cascade. Because DRG nociceptors
express high levels of TLR4 [22], we tested the effect of LPS on lipid rafts and TLR4

in DRG neurons in culture. LPS induced a rapid increase in the level of lipid rafts and
TLR4 recruitment to lipid rafts. Both of these effects were prevented by a pre-incubation
with AIBP (Figure 1). Because TLR4 signaling has been implicated in DRG nociceptive
responses [20-22], we hypothesized that TLR4 localization to lipid rafts might contribute

to regulation of DRG neuronal excitability and that AIBP can control lipid raft-dependent
processes in DRG neurons. To test these hypotheses /n vivo, we used a mouse paclitaxel
CIPN model.

3.2. Intrathecal AIBP alleviates CIPN tactile allodynia and controls TLR4-raft processes

In our prior studies, we demonstrated that a single i.t. injection of AIBP reversed established
tactile allodynia in a cisplatin model of CIPN [31; 40]. Here, we demonstrated that in a
paclitaxel CIPN model, i.t. AIBP also reversed established tactile allodynia (Figure 2A).
The therapeutic effect of a single i.t. dose of AIBP in paclitaxel CIPN lasted for as long as
five weeks (Supplementary Figure 1), which agrees with the long-lasting effect of AIBP in
cisplatin CIPN [40]. In paclitaxel CIPN, we observed the reversal of mechanical allodynia
by i.t. AIBP in both male and female mice (Supplementary Figure 1). The efficacy of a 0.5
ug dose of i.t. AIBP showed no significant differences between sexes. However, a tendency
to observe a greater effect was noted in males as compared to females.

In the experiment shown in Figure 2A, animals were euthanized to collect the DRG tissue 3
days after i.t. AIBP. The L3-L6 DRGs were digested to obtain a single-cell suspension, and
lipid rafts and TRL4 expression in neurons were analyzed by flow cytometry. We found that
CD45-CD44-CD24* DRG neurons [42], which express TRPV1 (Supplementary Figure 2),
isolated from paclitaxel/saline mice had significantly higher levels of lipid rafts and surface
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TLR4 expression compared to those from naive/saline mice. I.t. AIBP reversed both lipid
rafts and TLR4 increases (Figure 2B and 2C). However, unlike in spinal microglia, we did
not observe in the DRG neurons significant changes in TLR4 dimerization (Figure 2D).
We hypothesized that in DRG neurons, TLR4 homodimerization was less prominent due to
TLR4 interaction with other receptors.

Previous studies suggested that TLR4 can sensitize the TRPV1 ion channel, which
significantly contributes to nociceptive signaling [19]. Thus, we measured TRPV1
localization to lipid rafts by assessing the signal of TRPV1 and its colocalization to lipid
rafts signal (cholera toxin B, which binds the lipid raft component GM1 ganglioside). The
TRPV1 staining in whole-mount DRGs demonstrated an increased TRPV1 localization to
lipid rafts in paclitaxel/saline mice, which was reversed in the mice that received i.t. AIBP
instead of saline (Figure 3). Further, the proximity between TRPV1 and TLR4, measured

by PLA in DRG neurons, was also increased in paclitaxel CIPN mice and reversed by i.t.
AIBP. Likewise, co-localization of TRPV1-TRL4 and TRPV1-lipid rafts pairs was increased
in paclitaxel CIPN mice and reversed by i.t. AIBP. (Figure 4).

3.3 AIBP regulates TRPV1 sensitization in CIPN

To understand the functional implications of the displacement by AIBP of lipid raft TRPV1
and its reduced interaction with TLR4, we tested the nociceptive response to intraplantar
capsaicin, a TRPV1 agonist, in naive and CIPN mice treated with saline or AIBP. We
observed that AIBP injection alone in naive mice did not alter the nociceptive response to
capsaicin. Paclitaxel induced an exaggerated nociceptive response to capsaicin. However,
AIBP-treated paclitaxel mice displayed a nociceptive response similar to levels observed in
naive mice (Figure 5A). Phosphorylation of TRPV1 mediates its sensitization [3;15;25;33].
Accordingly, we observed increased phosphorylation of TRPV1 in the DRG tissue from
mice treated with paclitaxel and lower phosphorylation levels of TRPV1 after AIBP
treatment (Figure 5B). These results suggest that in addition to regulating lipid raft dynamics
and TRPV1 proximity to TLR4 and rafts, AIBP desensitizes TRPV1 otherwise activated in
CIPN.

To further evaluate the effect of AIBP on TRPV1, we measured capsaicin-induced changes
in intracellular calcium concentration ([Ca2*]i) in DRG neurons isolated from experimental
groups. Neurons from animals that have developed CIPN after paclitaxel treatment were
characterized by increased Ca2* response to capsaicin, as compared to DRG neurons
isolated from control mice. DRG neurons from animals that recovered from paclitaxel-
induced CIPN after AIBP treatment had significantly lower Ca2* responses to capsaicin
compared to the neurons from CIPN only mice (Figure 5C).

We also tested Ca2* response to capsaicin in DRG neurons from naive mice treated 77

vitro with paclitaxel. We found that paclitaxel pre-treatment significantly increased Ca2*
influx in response to capsaicin compared to control. However, when DRG neurons were
incubated with AIBP alone or with AIBP+paclitaxel, the Ca?* response to capsaicin returned
to the levels observed in control DRGs (Figure 6). These results support the conclusion that
AIBP inhibits TRPV1 activity in DRG neurons. Interestingly, AIBP incubation also reduced
calcium influx induced after KCI incubation (Supplementary Figure 3A and B). To confirm
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that cells were still viable in the Figure 6 experiment, we performed an MTT assay and
found that neither treatment affected DRG neurons viability (Supplementary Figure 3C).
These results suggest that AIBP, via its effect on lipid rafts, may alter function of other ion
channels in the membrane as well.

4. Discussion

This study provides new mechanistic insights into nociceptive signaling in DRG neurons and
suggests a novel therapeutic approach to inhibit nociception and alleviate neuropathic pain
in CIPN. Using a mouse model of CIPN, we demonstrated that administration of paclitaxel:
increased lipid rafts, TLR4 expression and localization of TLR4 to rafts in DRG neurons
and that these TLR4-rafts hosted TRPV1, facilitating the TRPV1-TLR4 interaction and
TRPV1 phosphorylation. Intracellular calcium in response to the TRPV1 agonist capsaicin
was increased in DRG neurons from paclitaxel treated mice and in the naive mouse DRG
neurons incubated in vitro with paclitaxel. From the therapeutic perspective, i.t. AIBP,
injected after tactile allodynia was established in paclitaxel treated mice, reversed all of the
above characteristics of TRPV1 activation and alleviated the associated allodynia. AIBP also
inhibited paclitaxel-augmented Ca?* response to capsaicin in isolated DRG neurons.

We have previously shown that i.t. AIBP reduces spinal cord neuroinflammation in a

model of cisplatin-induced CIPN [31;40]. We demonstrated that i.t. AIBP targeted TLR4

in microglia in these CIPN mice to reduce the facilitated pain behavior and expression

of proinflammatory cytokines. However, TLR4 is expressed in other cell types, including
small fiber nociceptors, which are critical in the development of CIPN [22]. Thus, we
hypothesized that AIBP would target these neurons in neuropathy models induced by
paclitaxel. The AIBP effects observed in the reversal of paclitaxel-induced allodynia and the
molecular parameters evaluated in DRG neurons support the importance of TLR4 expression
for mediating the AIBP effect. The results with paclitaxel and cisplatin induced CIPN

also highlight the therapeutic potential of AIBP to target neuropathies induced by different
classes of chemotherapeutic agents and possibly in other painful states where TLR4 has a
pathophysiological role.

In microglia, AIBP targets TLR4-rafts (inflammarafts) by binding to TLR4, inducing
cholesterol depletion from the plasma membrane. This cholesterol depletion results in
dissociation of lipid rafts, preventing dimerization of TLR4 monomers and thereby
inhibiting inflammatory signaling [31]. Like in microglia, /n vitro LPS stimulation of

DRG neurons resulted in a dramatic increase in lipid rafts and in TLR4 localization to

lipid rafts. However, in contrast to spinal microglia under CIPN conditions, although DRG
neurons displayed increased lipid rafts and TLR4 expression, TLR4-TLR4 dimers were not
significantly increased compared to naive mice. We hypothesized that in DRG neurons,
TLR4-rafts provide a platform not only for inflammatory signaling but also support TLR4
interaction with and facilitate the functionality of a collection of nociceptive receptors and
channels co-expressed in the lipid raft. According to this hypothesis, the DRG neuronal
TLR4-rafts would maintain voltage- and ligand-gated channels active in the lipid raft,
preventing desensitization by internalization, or by increasing their activity via downstream
TLR4 signaling. Here we show that in CIPN, TLR4 is found in close proximity to TRPV1
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within the DRG neuronal lipid rafts and that this correlates with increased phosphorylation
of TRPV1 in the DRG and with hyperalgesia when tested with intraplantar capsaicin. After
treatment with AIBP, we observed that the TRPV1 lost its association with TLR4, was
dislocated from the lipid raft, and showed reduced phosphorylation. These effects mirrored
the reduced capsaicin-evoked calcium influx observed in /n vitro and in vivo studies.
These observations jointly support the conclusion that targeting TLR4-rafts in neurons can
affect the functionality of receptors and/or channels associated with the TLR4 lipid rafts

in DRG nociceptive neurons. This mechanism could explain the observed effect of TLR4
on sensitization of nociceptors via TRPV1 in pain reported previously [22;41], as well as
enhanced TRPV1-mediated pruritus response [29], LPS-enhanced sensitization of TRPV1
in trigeminal sensory neurons [8], membrane-delimited excitatory actions via TRPAL in
neurogenic inflammation induced by LPS [26], and enhanced NMDA receptor-induced
neuron excitability [4].

We demonstrate that in CIPN, TLR4 is found in close proximity to TRPV1 within the lipid
rafts in DRG neurons and that this correlates with increased phosphorylation of TRPV1 in
the DRG and with the behavioral assays assessing the respective roles of TRPV1 known

to contribute to thermal and tactile hyperpathia following nerve injury. Although we did

not examine changes in other behavioral endpoints mediated by TRPV1 including thermal
hyperalgesia or pruritus, we directly demonstrated the effects of AIBP on TRPV1 activation
through the paw focused pain behavior evoked by the intraplantar injection of capsaicin.

As AIBP binds to TLR4, it selectively targets the cholesterol depletion machinery towards
TLR4 expressing cells. This serves to suppress activation of TLR4 expressing cells, with
little adverse effect on cells not expressing TLR4 [10;27]. Indeed, i.t. AIBP had no effect on
normal motor or non-nociceptive sensory function (light touch, proprioception) in normal
mice [31]. Further, as AIBP treatment in naive mice does not affect TRPV1 activity

or nocifensive responses to capsaicin, does not it change lipid raft or TLR4 content in
unconditioned DRG neurons, we propose that AIBP selectively targets activated TLR4-rafts,
leaving intact normal cell functioning. In contrast to AIBP, other agents used to deplete
cholesterol from the plasma membrane, such as cyclodextrins, apoA-I and its mimetic
peptides, and LXR agonists, which upregulate the cholesterol transporters ABCA1 and
ABCGL expression, do not display any selectivity and are likely indiscriminate toward
pathological and physiological lipid rafts. For example, cyclodextrin has only a transient
effect on pain after repeated dosing and only when used as pre-treatment [23;40].

In vitro, AIBP inhibited not only capsaicin-induced changes in ([Ca2*]i) but also those
induced by KCI. We excluded the possibility of AIBP toxicity by testing neurons viability.
This result indicates that the TLR4-raft may regulate the function of other receptors /
channels that localize to these lipid rafts. Alternatively, AIBP effect could be indirect, via
TRPV1-regulated sodium-calcium exchanger channels (NCX). Regulation of lipid rafts in
neurons could target NCX inside rafts, which are activated once outside these domains [35],
increasing the efficacy of Ca2* extrusion after TRPV1-induced Ca2* influxes via NCX. This
may be a relevant mechanism given that spinal NCX has been recently reported as the locus
for wind-up pain in humans [39].

Pain. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Navia-Pelaez et al.

Page 11

Although this study focused on TLR4 clustering with TRPV1 in lipid rafts of DRG neurons,
we do not exclude the possibility that TLR4-TRPV1 interactions can also occur in the
terminals and/or in postsynaptic neurons in the spinal cord involved in pain signaling. As
noted, other than TRPV1, TLR4-rafts may also host NCX, PIEZO1, Nav1.7 and Nav1.9
channels, and NMDA receptors, given that published studies suggest that TLR4 can interact
with NMDAr [4;7] and Piezol [11], and that increased Nav1.7 and Nav1.9 current densities
can occur via TLR4 activation [9]. Thus, future studies are likely to increase the repertoire of
TLR4-raft partners that can be targeted by AIBP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: AIBP regulates TLR4 and lipid raft dynamicsin responseto LPSin DRG neuronsin
vitro.
A. DRG neurons from wild-type mice were cultured and stimulated with 100 ng/mL LPS for

15 min or pre—treated with AIBP (0.2 pg/mL) for 30 min and then incubated with LPS for
15 min and probed for lipid rafts (CTxB, binds the lipid raft component GM1 ganglioside;
yellow) and TLR4 expression (green). Scale bar, 20 um. B. Quantified fluorescence intensity
of TLR4 and CTxB (lipid rafts), and colocalization of TLR4 and CTxB (lipid rafts) puncta.
Mean+SEM; n=6. 2 dishes of cultured neurons from 3 different animals were stimulated in
vitro. *, p<0.05; **, p<0.01 (one-way ANOVA).
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Figure 2: Intrathecal AIBP rever ses paclitaxel-induced allodynia and alterslipid raftsand TLR4
expression in DRG neurons.

A. Hindpaw withdrawal thresholds in male mice in response to i.p. paclitaxel (2 injections of
8 mg/kg), followed by a single dose of i.t. saline (5 pul) or AIBP (0.5 pg/ 5 pl). Naive mice
received no i.p. injections (n=5-14 per group). Data shown from 2 independent experiments.
B-D. Mouse groups shown in A were terminated on day 10, i.e, 72 hours after i.t. saline

or AIBP, and DRG single-cell suspensions were analyzed by flow cytometry. Neurons were
gated as CD457/CD44~/CD24* cells and analyzed for lipid raft content, measured by CTxB
(lipid rafts) staining (B), total surface TLR4 (C); and dimerized TLR4 (D). Data shown from
2 independent experiments. Mean£SEM; *, p<0.05; **, p<0.01 (two-way (A) and one way
(B-D) ANOVA).
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Figure 3: CIPN increaseslipid raft content and TRPV1 localization to lipid raftsin DRG
neurons.

A-B. Whole DRGs were collected from male mice treated with to i.p. paclitaxel (2 injections
of 8 mg/kg), followed by i.t. saline (5ul) or AIBP (0.5 pg/ 5 pl), as in Fig. 2A (but

in a separate experiment), stained for TRPV1 (red), and lipid rafts (CTxB; green), and
subjected to a clearing protocol as described in Methods. Representative images (A) and
quantitative data (B). Scale bar, 20 um. Mean=SEM (n=4 per group); ****, p<0.0001
(one-way ANOVA).
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Figure4: CIPN increases TLR4-TRPV1 interaction localization to lipid rafts.
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A-B. Whole DRGs collected from experimental groups shown in Fig. 3 were subjected to
a PLA protocol as described in Methods to detect proximity of TLR4-TRPV1 and TRPV1-
CTxB (lipid rafts) in the same specimens. Representative images (A) and quantitative data
for intensity/voxel and colocalization (B). Scale bar, 20 um. Mean+SEM (n=4 per group);

**** p<0.0001 (one-way ANOVA).
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Figure5: CIPN increases activation of TRPV1: reversal by AIBP.
A. Mice treated with i.p. paclitaxel (2 injections of 8 mg/kg) or naive, followed on day 7

by i.t. saline (5 pl) or AIBP (0.5 pg/ 5 ul), received on day 15 an intraplantar injection of
capsaicin (10 pg/ 25uL), and the number of flinches over a 5 min period were recorded.
n=6-7 B. Phosphorylation of TRPV1 (Ser502) was measured by western blot in DRG
tissue from experimental groups shown in Fig. 2A (n=5-6). C. Calcium influx in response
to capsaicin was recorded from DRG neurons isolated on day 10 from mice treated with

i.p. paclitaxel (2 injections of 8 mg/kg) or naive, followed on day 7 by i.t. saline (5 pl)

or AIBP (0.5 pg/ 5 pl), and loaded with Fluo-4. Neurons were buffered for 2 min, then
stimulated for 15 sec with capsaicin (0.5 pM). The maximal AF/Fq was quantified for

the capsaicin response. For analysis 5-9 neuron culture dishes from 4 different in vivo
treated animals were used. Total number of recorded cells per treatments: naive+saline=74,
naive+AlIBP=122, paclitaxel+saline=97, and paclitaxel+AIBP=118. The earlier timepoint for
calcium response in the AIBP group is due to a technical issue of using an experimental
setup equipped with manually operated valves. Mean+SEM; *, p<0.05; ***, p<0.001; ****
p<0.0001 (one-way ANOVA).
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Figure 6: Paclitaxel increases TRPV1 activity in vitro: inhibition by AIBP.
Calcium influx in response to capsaicin was recorded from DRG cultured neurons incubated

for 2 hours with paclitaxel (3 uM), AIBP 0.1 ug/mL, or paclitaxel+AIBP, and then loaded
with Fluo-4. Neurons were buffered for 2 min, then stimulated for 15 sec with capsaicin (0.5
UM). See Supplemental Figure 3 for subsequent KCI stimulation. The maximal AF/Fy was
quantified for the capsaicin response. Five to nine neuronal culture dishes from 4 different
naive wild type mice were stimulated in vitro. Total number of recorded cells per treatments:
control(buffer)=19, paclitaxel=23, AIBP=15, and paclitaxel+AIBP=20. Mean+SEM; **,
p<0.01. ***, p<0.001 (one-way ANOVA).
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